Industry is increasingly aware that sustainability combines environmental, societal, and economic considerations in product development and that this linkage, while driving improved performance, can pose both a business opportunity and a challenge. On one hand, innovations make good business sense by bringing new products to supply a growing market demand for sustainable goods. On the other hand, new regulatory standards demand cleaner, less-toxic products, which can be diffi cult to develop economically, and require an agreed-upon infrastructure to demonstrate compliance, which can also be diffi cult and expensive. In this article, we discuss how measurements, standards, and data, being developed and deployed worldwide by national metrology institutes (NMIs) and standards-developing organizations (SDOs), are helping industry enable the sustainable use of materials. Examples include bio-based polymers, lightweight automobiles, fl y-ash-based concrete, and lead-free solders. Measurements, standards, and data also support energy effi ciency and renewable energy and ease industry compliance with new and emerging regulations, including those that demand less-toxic components.
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independent organizations can be incorporated by reference and become the basis for regulatory standards. For example, in November 2010, the U.S. Department of the Interior proposed to incorporate by reference 15 new production measurement industry standards into the regulations governing oil, gas, and sulfur operations in the Outer Continental Shelf. 2 Measurement standards are typically physical artifacts that provide a common reference for a property of interest, but they can also be critically evaluated data or calibrations or wellcharacterized samples. The highest-level standards are traceable to the fundamental constants of the International System of Units. Examples include a specifi c form of asbestos, a diesel fuel of known composition, a steel bar of known strength, or a light source of known spectral composition. These standards allow instruments to be calibrated and measurements to be made that, when required, can be traced back to fundamental constants with a known uncertainty. Figure 1 shows examples of reference materials produced by a variety of national metrology institutes (NMIs).
This article describes measurements, standards, and datadevelopment activities being conducted by the National Institute of Standards and Technology (NIST), other NMIs, and SDOs around the world to support the sustainable use of materials. In some cases, these standards are fully developed, whereas in others, SDOs and NMIs are performing research to support the development of both documentary and measurement standards.
Measurements, standards, and data in support of materials substitution
Materials substitution is a key strategy for manufacturers to improve the performance and lower the cost of products. Substitution can also foster sustainability, for example, if the original material is toxic or nonrenewable or if its production results in signifi cant greenhouse-gas (GHG) emissions, energy use, or byproducts that are potentially hazardous. Substantial challenges to materials substitution include reformulating/redesigning products, determining feedstock manufacturability and quality-control metrics, and establishing long-term reliability.
Lowering barriers to the use of bio-based feedstocks for polymer products
Using more bio-based feedstocks in the manufacture of polymeric products has several advantages, including increasing the use of renewable plant-based sources and decreasing the dependence on the volatile oil market, while meeting increasing consumer demand. Many bio-based polymer materials are also biodegradable and could thus dramatically reduce the amount of plastics-based solid waste. A 2009 analysis showed that biobased polymers could provide technically suitable replacements for nearly 90% of petroleum-based plastics. 7 However, if these potential applications of bio-based polymers are to be realized, proper data sets, quality-control systems, and manufacturing infrastructure must be built. A number of life-cycle assessments (LCAs) have demonstrated a signifi cant net reduction in GHG emissions and fossil energy consumption in the case of bio-based replacements for fossil energy sources. 8 However, in the case of bio-based polymer products, a recent study demonstrated that LCAs of these complex systems can be highly sensitive to the type and quality of materials data employed, which can lead to confl icting conclusions about environmental impacts, such as GHG emissions and energy consumption. 9 To validate environmental claims about their products, polymer manufacturers need reliable measures of the biobased content in their feedstocks, which can also contain petroleum-based sources. The accepted measure of bio-based content is the level of 14 C isotope in the feedstock (basically, carbon dating), because ancient petroleum has lost its 14 C through radioactive decay whereas feedstocks derived from recently living organisms have a 14 C content related to the current equilibrium concentration in the atmosphere. ASTM has developed a protocol to quantify the bio-based content in materials by comparing the 14 C/ 12 C ratio to that of a standard specimen typical of living organisms. Measurement protocols have also been established to assess the biodegradability of bio-based polymers in various environments. For example, ASTM D5526 and a related set of documentary standards detail test methods to measure biodegradation of polymers under a variety of environments, including landfi lls and compost systems. 11 The European Union has developed similar documentary standards for labeling a polymer product as biodegradable. 12 These standard specifi cations and test methods validate claims made about bio-based products, thereby increasing consumers' confi dence in such products.
Automotive lightweighting
Lighter cars are more fuel-effi cient, resulting in lower emissions and fuel consumption. 13 The auto industry is moving to replace traditional die-pressed sheet steels with new lightweight alloys (specifi cally, aluminum alloys, magnesium alloys, and high-strength steels) to help meet emerging fuel-economy regulations. However, the forming equipment, processes, and models used by the auto industry were designed for traditional die-pressed sheet steels. Material data, models, and standard tests are helping industry achieve its lightweighting goals.
14 For example, in contrast to current industry design practice, which limits the maximum strain during forming, a more useful measure for the new materials is the stress. In response, NIST has leveraged an ASTM springback test 15 and outfi tted forming equipment with x-ray-based instrumentation to measure stresses in sheets as they are shaped under actual manufacturing conditions. 16 This work has provided time-saving measurement data and predictive models to automotive manufacturers and associations including Ford, General Motors, Volvo, and the United States Council for Automotive Research, as well as sheet metal manufactures such as Alcoa and U.S. Steel.
ASTM has a number of documentary standards relevant to lightweighting, for example, for radiographic inspection of magnesium castings. 17 In principle, such standards could ensure the quality of engine blocks and other components cast from lightweight magnesium alloys, although one study suggests that these standards must be updated to be useful for automotive parts. 18 The European Council for Automotive Research and Development highlighted the needs for lightweight composite, alloy, and hybrid materials in a 2011 position paper focusing on materials replacements in automotive interiors.
19 Japan's National Institute for Materials Science has also highlighted automotive lightweighting, but has not yet issued standards. 20 Indeed, the U.S. Department of Energy (DOE) Vehicle Technology Program Materials Research Roadmap, updated in 2010, suggests the need for at least fi ve additional years of fundamental research for many substitute materials classes.
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Reuse of fl y ash for concrete production
Fly ash is a well-suited replacement for siliceous and calcareous components of concrete when it has the correct composition and particulate properties. However, fl y ash varies dramatically in composition depending on the quality of the coal from which it is derived and its combustion conditions, which complicates its use as a substitute feedstock. In part to meet this challenge, the U.S. EPA has issued guidelines on the levels of fl y ash that can be used in concrete applications. 22 In addition, ASTM has provided key quality-control measures by defi ning standard procedures for sampling and testing fl y ash and has classifi ed fl y-ash feedstocks based on general ranges of composition, related mainly to the type of coal from which they are derived. Existing standards enable industry to reliably assess fl y-ash feedstocks for their suitability in concrete. Ongoing measurement research in the United States and Europe targets guidelines and standards to support the even higher volume fractions of fl y ash. NIST aims to establish measurement protocols ( Figure 2 ) and models to better predict the short-term setting of high-volume-fl y-ash cement binder formulations. 23 Similar efforts to measure structure-propertyperformance relationships in fl y-ash cement are underway in Europe. For example, Germany's Federal Institute for Materials Research and Testing is characterizing enhanced chemical degradation that has been observed in fl y-ash cements to provide guidelines for formulations that would avoid this failure mode. 24 In coming years, the levels of toxics will become increasingly important in measurement and standards research on 
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fl y-ash-laden cements. For example, the European Union is developing revisions to standards and policy that would reclassify fl y ash as a "waste product" rather than a "byproduct," 25 thereby making fl y ash susceptible to the stringent REACH (Registration, Evaluation, Authorisation and Restriction of Chemical substances) 26 and RoHS (Restriction of the Use of Certain Hazardous Substances in Electrical and Electronic Equipment) 27 regulations. New regulations are being considered in the United States as well. 28 Standard protocols that quantify levels of toxics in fl y ash will be needed to support industry compliance with these and related laws. Control technologies designed to reduce air pollution from power plants could shift pollutants from the fl ue gas to fl y ash and other airpollution-control residues. The potential reuse of these materials raises concerns about the release of sequestered mercury during processing and the presence of toxics in the fi nished products. These issues warrant extensive characterizations of coal combustion residues, 29 as well as the development of Standard Reference Materials (SRMs) consisting of these byproducts.
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Properties and reliability of lead-free solders and fi nishes Driven in part by RoHS and the WEEE (Waste Electrical and Electronic Equipment) Directive 31 in Europe and similar trends in Japan, electronics manufactures have transitioned to the use of lead-free solders in their products. Several lead-free solder materials are available, mainly Sn-Ag-Cu, Ag-Cu, and Sn-Cu alloys, but their full implementation in manufacturing is hindered by a lack of data supporting their quality control, processing limits, and long-term reliability. Accordingly, SDOs and NMIs have been developing measurements, data, and standards to support use of the most promising replacement materials. For example, to provide a reference for the compositional analysis of leadfree solder alloys, Japan's Society for Analytical Chemistry has produced a series of certifi ed reference materials (JSAC 0131-JSAC 0134) 32 for Sn-Ag-Cu solders, and NIST has deployed SRM 1728 33 ( Figure 3 ). In turn, measurement techniques, such as protocols for quantifying trace-element content using x-ray fl uorescence spectrometry methods, ensure that lead-free products comply with regulatory and reporting thresholds. 34 Driven by COST (European Cooperation in Science and Technology) Action 531 35 on lead-free solder materials, databases of solder thermodynamic and physical properties have been compiled. For example, the National Physical Laboratory (NPL), the UK's NMI, has established a public database of critically evaluated thermodynamic parameters for over 50 binary alloys and numerous ternary systems of eleven elements that can potentially be used in lead-free solder formulations. 36 The Polish Academy of Sciences compiled the downloadable SURDAT database, 37 which lists experimentally determined molar volumes, densities, and surface tensions of Ag-Cu and Sn-Ag-Cu systems. In addition, the Japanese Standards Association has established test methods for determining critical physical and engineering properties of lead-free solders (JIS Z 3198-1-JIS Z 3198-7).
Lead-free solders and fi nishes have been employed in some electronics applications for nearly 70 years, but the tremendous increase in their use over the past decade has brought attention to some ways in which these materials can fail. 38 In particular, over long periods, normally stable solder balls and interconnects can develop structural and morphological changes that result in the formation of cracks, pull-offs, and "whiskers"-microscopic, hair-like protrusions of metal, sometimes centimeters long-that can cause short circuits in devices ( Figure 4 ). Such failures are problematic for long-lifetime components, such as those found in mainframe computers, and can be catastrophic in critical Tin Alloy (Sn-3Cu-0.5Ag), a lead-free solder composition, showing various stages in manufacturing and testing. The alloy was created using a semi-chill casting process to ensure homogeneity of the disks to a depth of at least 10 mm. The SRM provides values for bulk composition of a number of elements, including chromium, cadmium, mercury, and lead, which are restricted in products around the world for environmental and health reasons. 33 Figure 4 . Scanning electron microscopy image of a tin whisker growing from a lead-free surface fi nish. 39 The composition of the lead-free surface fi nish is tin with 3% mass fraction copper (Sn-3 wt% Cu). The whisker growing out of the surface fi nish is tin. Tin whiskers often grow spontaneously from pure tin electrodeposits and short-circuit fi nely pitched electrical components. Adding a low percentage of lead inhibits whisker growth, but environmental concerns have resulted in a demand for lead-free fi nishes and whisker-mitigation strategies. applications such as aircraft and medical devices. For example, according to the U.S. National Aeronautics and Space Administration, since 1992, at least four in-orbit satellites have lost full function as a result of the formation of tin whiskers from lead-free solders and fi nishes, and another four have partially lost function. 40 Roadmaps by the International Electronics Manufacturing Initiative (iNEMI) have highlighted the reliability and failure mechanisms of lead-free solders as priority issues to address, leading to the establishment of a working group to produce accelerated test methods for measuring tin whisker growth. 41 , 42 This work has enabled industry users and producers of lead-free fi nishes to assess the rate at which tin whiskers can form and grow from these materials under service conditions. NIST has also assessed the conditions of tin-whisker growth, 43 demonstrating that whiskers grow only when column-shaped grains form perpendicular to the fi nish surfaces 44 and that whisker growth releases residual stress in the material.
Energy effi ciency and renewable energy Tuning the color of solid-state lighting
Solid-state lighting (SSL), historically limited to monochromatic light-emitting diodes (LEDs), became viable for broad consumer and commercial applications with the advent in 1997 of LED-driven devices that produce white light by incorporating phosphors. However, consumer acceptance of SSL depends on whether it can emit the "warmer" white tones of incandescent bulbs. Blue-tinged "bright-white" sources have a "cold" quality that many people fi nd unpleasant. The color tone of the light from SSL devices can be controlled by tuning the phosphor materials, but developing, choosing, and processing these materials in ways that achieve consistent performance can be challenging. Standards help SSL manufacturers meet these challenges, by enabling them to tune the emission of phosphor mixtures and to gauge the performance of candidate phosphor and LED materials 45 ( Table I ) . 
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The development of SSL standards is part of the U.S. government's effort to help the DOE reach its goal of developing and introducing SSL to reduce energy consumption for lighting by 50% by 2025 and to support the ENERGY STAR program, a joint program of the DOE and the EPA that promotes energy-effi cient products and practices. NIST independently tested 150 ENERGY STAR -qualifi ed products, using measurement methods traceable to national electrical standards, and confi rmed that these products met EPA product specifi cations (100% for digital versatile disc products and computer monitors and 95% for printers).
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Photovoltaics
In its 2010 Technology Roadmap for Solar Photovoltaic Energy, the International Energy Association (IEA) indicated that, since 2000, global photovoltaic (PV) capacity has been increasing by more than 40% per year, on average, and has signifi cant potential for long-term growth in coming decades. The IEA envisions that, by 2050, photovoltaics will provide 11% of global electricity production (4500 TWh per year). Achieving such growth, however, necessitates policies in the next decade that enable optimal technology progress, cost reduction, and an increase of industrial manufacturing. 53 One approach offering the possibility of greatly reduced manufacturing cost compared to conventional inorganic semiconductor silicon technology is organic photovoltaics (OPV). These are solar cells that use organic molecules, including polymers, dendrimers, small molecules, and dyes. However, OPV devices have much lower effi ciencies than those based on traditional PV materials. To provide design principles for optimizing OPV materials and devices, a suite of measurements aimed at determining the molecular and microstructural mechanisms of charge transport in these materials, especially across the complex interfaces within them, is being developed by NIST. Photoelectron spectroscopies, scanningprobe methods, and theoretical models of multiscale processes in thin organic fi lms and polymeric heterojunctions are central to this pursuit. 54 In addition to accelerating research, these measurement techniques could establish standard test methods for use by industry. Such methods for OPV and other organic electronic devices are being pursued through the Versailles Project on Advanced Materials and Standards (VAMAS), which includes efforts to develop reference methods and data to support the process optimization, quality control, and reliability of OPV devices. This effort is led by the VAMAS Organic Electronics Technical Working Area and is co-chaired by two NMIs: NPL and NIST.
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Compliance with existing and emerging regulations
In the mid-2000s, the European Union passed a series of "green directives" to reduce the levels of known hazardous substances in the environment. Implemented in February 2003 and updated in 2008, WEEE legislation restricts the use of hazardous substances in electrical and electronic equipment and promotes end-of-life collection and recycling of such equipment through electronic-waste collection schemes that are free of charge to the consumer. Another directive, REACH, is the European Community regulation on chemicals and their safe use (EC 1907 (EC /2006 ) and requires that the chemical industry provide safety information on all substances that its members produce. Product manufacturers are required to gather the relevant information and register it into a central database 56 run by the European Chemicals Agency. The agency manages, operates, and evaluates data submitted by manufacturers and importers on the chemicals used in their products.
Perhaps more directly impacting materials development is the RoHS legislation, enacted in 2006 and updated in 2011. This directive has been widely implemented and has led to similar legislation from individual U.S. states and countries such as Japan and China. The WEEE and RoHS regulations are related, in that the WEEE Directive focuses on the design and recycling of electronic products whereas RoHS aims to reduce the amount of hazardous substances used in electronics manufacture. In the updated standard, the maximum allowable levels remain the same, but they now apply to toys, leisure and sports equipment, medical devices, industrial monitoring and control instruments, and selected electrical and electronic equipment that had been excluded from the original directive. The newly included equipment will be phased in through 2019.
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International metrology institutes, including NIST, the Institute for Reference Materials and Measurements (IRMM) in Europe, and the National Institute of Metrology in China, have been working together to value assign new relevant certifi ed reference materials. Two certifi ed reference materials for the determination of various polybrominated diphenyl ethers (PBDEs) and decabrominated biphenyl in polymers are available from IRMM. 58 Total bromine and total antimony are also characterized in these polymer reference materials, as the measurement of bromine or antimony can be used as a screening method for brominated fl ame retardants. In addition to SRM 1728 Tin Alloy (Sn-3Cu-0.5Ag) mentioned earlier ( Figure 3 ) , SRM 1124 Free-Cutting Brass has been developed by NIST. 59 Both of these materials contain known concentrations of restricted substances. Two solution SRMs have also been developed to address measurement issues related to PBDEs, and there are also new SRMs for lead in paint and phthalates in poly(vinyl chloride).
A large set of documentary and regulatory standards related to sustainability, including the ISO 14000 family, REACH, RoHS, and others, has been analyzed, and the consolidated information is available through a web portal. 60 This effort has led to a framework for evaluating sustainability standards 61 , 62 and offers a tool for determining what to measure, how to measure it, and how to report and validate the results. Similarly, for the electronics industries, the iNEMI, Association Connecting Electronics Industries (IPC), and NIST have developed a standard reporting format for manufacturers to exchange material content information between supply-chain participants. This work includes the development of a data management tool to address regulations beyond RoHS. 63 
Summary
In all technological areas, the drivers for measurements and measurement standards are diverse. Standards are often required so that industry can ensure compliance with regulation. In the area of sustainable materials, REACH, RoHS, and other regulations have certainly spurred the development of replacement materials that contain fewer toxic substances. However, as discussed in this article for bio-based polymers, lead-free solders and fi nishes, and other applications, measurements and standards are not just reactive measures for regulatory compliance, but are also drivers for technological innovation. These tools clarify performance targets, as discussed for solid-state lighting. They can also substantiate claims of the environmental benefi ts of a product and thus attract customers for more sustainable goods, as described for bio-based polymers. Finally, measurement science, protocols, and standards support innovative research and development, as discussed for automotive weight reduction. Indeed, for sustainable materials research, such measurement solutions are especially important, because discovering, developing, and optimizing materials replacements depends strongly on the ability to determine their composition and structure and the properties that make them useful, less energy-intensive, less toxic, and renewable.
Disclaimer: Certain commercial entities are mentioned in this article. This does not imply recommendation or endorsement of these entities by the National Institute of Standards and
Technology.
